In Brief Breusegem et al. perform an imagingbased genome-wide siRNA screen for proteins required for endosome-to-Golgi retrieval of the cation-independent mannose-6-phosphate receptor. Their hits include several multipass membrane proteins, a class of proteins often overlooked in intracellular trafficking. Among the hits, they have characterized SFT2D2, ZDHHC5, and GRINA in endosome-to-Golgi retrieval.
INTRODUCTION
The endosome-to-Golgi retrieval pathway is conserved across all eukaryotes, sorting a diverse set of cargo proteins that operate in lysosome biogenesis, iron homeostasis, polarity generation, and other essential cellular functions. The pathway is also at the epicenter of many pathogenic events including Alzheimer's disease (AD), Parkinson's disease (PD), and bacterial and viral infections. This universally conserved trafficking route functions to maintain a diverse array of membrane proteins at the Golgi. Possibly the best characterized cargo proteins for the endosome-to-Golgi pathway are the lysosomal or vacuolar hydrolase sorting receptors that mediate the transport of acid hydrolases required for lysosomal and vacuole-mediated degradation.
An essential regulator of this pathway is the retromer complex, which was first described in budding yeast (Seaman et al., 1998) and is conserved across all eukaryotes (Arighi et al., 2004; Carlton et al., 2004; Koumandou et al., 2011; . Its prototypical cargo includes the hydrolase receptors, particularly the cation-independent mannose-6-phosphate receptor (CIMPR), and it is also required for localization of the TGN marker protein TGN46, the Wnt transporter Wntless (Belenkaya et al., 2008; Yang et al., 2008) , and SorL1, a member of the Vps10-domain-containing family (Fjorback et al., 2012; Nielsen et al., 2007) . This interaction may therefore be relevant in AD, because SorL1 interacts with amyloid precursor protein (APP) to regulate its processing via the endosome-to-Golgi pathway, and loss of SorL1 or loss of retromer function can increase amyloidogenic processing of APP to the AD-causing Ab form (reviewed in Fjorback and Andersen, 2012; Small, 2008; Willnow and Andersen, 2013) . Some pathogens have also evolved to exploit retromer and/or endosome-to-Golgi retrieval to their own ends. For example, the human papilloma virus (HPV), following entry into the cell, interacts with retromer and is directed into an endosome-to-Golgi pathway that is believed to contribute to viral propagation within the host cell (Lipovsky et al., 2013) . Furthermore, Shiga toxin produced by Shigella bacteria also utilizes retromer-mediated endosome-to-Golgi retrieval after uptake (Popoff et al., 2007) . For Shiga toxin, retromer-mediated endosome-to-Golgi retrieval facilitates access to first the Golgi and then the endoplasmic reticulum where the toxin can exert its cytotoxic effects. Thus, understanding how retromer-mediated trafficking is controlled has broad implications in development and disease.
The retromer complex comprises two distinct functional units: the cargo-selective complex (CSC), which is a trimer of the Vps35, Vps29, and Vps26 proteins and a membrane-bending sorting nexin (Snx) dimer that can tubulate membranes to generate a transport intermediate (reviewed in Bonifacino and Hurley, 2008; Seaman, 2005 Seaman, , 2012 . Although it is essential for efficient endosome-to-Golgi retrieval, retromer does not operate in isolation. The Snx dimer component of retromer (comprising SNX1 or SNX2 with SNX5 or SNX6) that mediates tubule formation also links to the microtubule cytoskeleton through interactions with p150 glued (Hong et al., 2009; Wassmer et al., 2009) . These tubules are stabilized by EH-domain-containing proteins EHD1 and EHD3 (Gokool et 2012; Naslavsky et al., 2009) . Retromer also associates with the Arp2/3-activating WASH complex that generates branched actin patches on endosomes (Harbour et al., 2010; Derivery et al., 2009; Gomez and Billadeau, 2009; and reviewed in Seaman et al., 2013) . Finally, its activity is regulated by the small GTPase Rab7a, which mediates membrane recruitment of the retromer CSC (Rojas et al., 2008; .
Aside from retromer, only a few other factors have been linked to this trafficking pathway (including the SNARE proteins syntaxins 5, 6, 10, and 16 that mediate membrane fusion events; Ganley et al., 2008; Mallard et al., 2002; Tai et al., 2004) . We therefore hypothesized that there will be many other uncharacterized components of the endosome-to-Golgi retrieval pathway, including proteins that act during retromer-mediated sorting, or independently of retromer. To address this, we have undertaken a genome-wide small interfering RNA (siRNA) screen for genes that affect endosome-to-Golgi trafficking. We have identified $90 genes that, when silenced, result in reduced endosometo-Golgi retrieval. These include kinases, phosphatases, cytoskeleton-associated proteins, as well as several factors that have been linked to PD. Notably, several of the genes encode multipass membrane-spanning proteins-a class of proteins often overlooked with respect to a role in membrane trafficking. We have characterized three of these multipass membrane proteins, SFT2D2, ZDHHC5, and GRINA, to further verify their function in endosome-to-Golgi retrieval.
RESULTS
Anti-CD8 Antibody Uptake Assay for siRNA Screening CIMPR is a prototypical cargo for retromer-mediated retrieval in the endosome-to-Golgi pathway. It binds hydrolases at the trans-Golgi network (TGN), is packaged into clathrin-coated vesicles for delivery to endosomes, and is then recycled back to the Golgi by retromer for further rounds of hydrolase sorting. We and others have used HeLa cells stably expressing a CD8-CIMPR chimera in combination with immunofluorescence to assay the trafficking routes and protein interaction partners of the CIMPR cargo protein (Carlton et al., 2004; Harasaki et al., 2005; Wassmer et al., 2007) . In particular, we have shown that the efficient retrieval of the CD8-CIMPR reporter from endosomes to the Golgi requires retromer . In addition, we have used a cell line stably expressing both CD8-CIMPR and GFP-tagged GOLPH3, a peripheral Golgi protein (Wu et al., 2000) , to evaluate the role of retromer-interacting proteins (e.g., members of the WASH complex, TBC1D5, SNX3, and Rab7a) in endosome-to-Golgi retrieval of the CD8-CIMPR reporter (Harbour et al., 2010) .
We therefore utilized the CD8-CIMPR reporter in a genomewide siRNA screen to uncover proteins that act in endosometo-Golgi retrieval. Our protocol employed siRNA transfection of cells stably expressing CD8-CIMPR and GFP-GOLPH3 in 96-well plates, followed by a three-step semiautomated anti-CD8 antibody uptake assay depicted in Figure 1A and detailed in . The assay relies on a proportion of CD8-CIMPR being present at the cell surface at any given time. Thus, to assay endosome-to-Golgi retrieval the uptake of the CD8-CIMPR reporter by endocytosis is a necessary first step.
Images were acquired on an automated microscope, and, for every selected cell imaged, the retrieval of the anti-CD8 antibody to the TGN was quantified as a TGN retrieval ratio ( Figure 1B) . For each siRNA, TGN retrieval ratios were averaged over all measured cells and compared to average TGN retrieval ratios of negative and positive control wells.
Pilot Screen with Known Trafficking Genes
We first assessed our experimental workflow by assaying six mini-siRNA libraries, each containing between 41 and 60 ON TARGETplus siRNA pools that target human genes coding for known regulators of intracellular trafficking or cytoskeletal dynamics. In total, 310 individual genes were assayed in duplicate (data in Table S1 ), and this duplicate screen was repeated to assess biological reproducibility. Technical replicates showed high correlation coefficients for the TGN retrieval ratio (Figure 1C) . Knockdown (KD) of most of the assayed genes yielded a TGN retrieval ratio that was similar to the value measured for the negative control wells (cyan data point, between 0.6 and 0.7), whereas KD of a few genes in each mini-library yielded a TGN retrieval ratio equal to or less than the one measured for the positive control cells (SNX1 KD, red data point, between 0.45 and 0.55). Biological replicates reproducibly generated a set of genes for which KD by siRNA led to a measured TGN retrieval ratio that was smaller than the one measured for SNX1 KD. This ''hit'' list included proteins with a well-documented role in endosome-to-Golgi retrieval and/or endocytosis (e.g., the retromer components VPS35 and SNX1, the GARP complex proteins VPS52 and VPS54, clathrin heavy chain, Golgi SNARE proteins STX5, STX10, GS15, and GS28). It also identified proteins that have not so far been linked to endosome-toGolgi retrieval, e.g., PTPN23, ARRB1, and STX19.
To validate the role of these proteins in endosome-to-Golgi retrieval, the anti-CD8 uptake assay was repeated using the (A) Schematic of the anti-CD8 antibody retrieval assay as adapted for high-throughput screening. HeLa cells stably expressing a CD8-CIMPR reporter and the Golgi protein GFP-GOLPH3 were used. Anti-CD8 antibody (Ab) was bound at room temperature for 15 min and chased at 37 C for 30 min. Labeling and imaging details are in Supplemental Experimental Procedures.
(B) Definition of the TGN retrieval ratio used in our studies and depiction of subcellular antibody localizations that give rise to high or low TGN retrieval ratios.
(C) Scatterplots of the TGN retrieval ratios measured in replicate screens of 60 VPS gene homologs, 60 endocytosis genes, 43 SNARE protein genes, 41 dynein genes, 49 kinesin genes, and 43 myosin genes. Negative control measurements are in blue; SNX1 siRNA positive control measurements are in red. A linear fit to the data points is also shown. Marked data points indicate known endosome-to-Golgi retrieval pathway genes or genes that were selected for further validation.
(D) Replicate TGN retrieval ratios for the validation screen of the pilot study, in which 80 individual ON TARGETplus siRNA sequences (four per gene) were assayed. Controls and linear fit are as in (C).
(E) Representative images of the pilot validation screen for the negative control (no siRNA) and for five sets of siRNA-treated cells with reduced TGN retrieval ratio. Different phenotypes that give rise to reduced TGN retrieval ratios are discussed in the text. Scale bar, 100 mm (top two rows) and 38 mm (bottom row).
individual siRNA sequences of the ON TARGETplus pool in four separate siRNA transfections for 20 selected genes (Figure 1D ). Ten out of the 20 genes were validated with two or more single siRNA oligos (Table S1 ). Using automated microscopy, both control cells and cells transfected with individual siRNA sequences (both of which express CD8-CIMPR and GFP-GOLPH3) were imaged after anti-CD8 antibody uptake. Example images in Figure 1E show that changes in anti-CD8 localization correlate with a decreased TGN retrieval ratio. For example, clathrin heavy chain (CLTC) KD results in a large fraction of anti-CD8 antibody binding to plasma membrane localized CD8-CIMPR, indicative of a defect in the endocytic uptake of the CD8-CIMPR reporter. In contrast, KD of DYNC1I2 causes an accumulation of anti-CD8 in cytoplasmic vesicles located at the cell periphery. Other examples in Figure 1E display intermediate phenotypes with reduced levels of anti-CD8 at the TGN and increased amounts of anti-CD8 in cytoplasmic vesicles. Table S4 .
A B C D E F
Thus, the pilot screens provide a strong proof-of-principle that this strategy can be used to identify bona fide regulators of endosome-to-Golgi retrieval and candidate genes for further testing.
Genome-wide Primary Screen
We next carried out a genome-wide screen for effectors of endosome-toGolgi retrieval of CIMPR using this same strategy with a human siRNA library. The genome-wide siRNA library contained 21,121 siGenome siRNA pools arrayed onto 267 library plates ( Figure 2A ). TGN retrieval ratios were normalized and strictly standardized mean difference (SSMD) values were calculated, both for the normalized TGN retrieval ratio and for the cellular anti-CD8 intensity, to allow hit selection based on a statistical analysis (see Experimental Procedures). Figure 2B summarizes the genome screen workflow, whereas Figure 2C shows a plot of the normalized TGN retrieval ratios measured in the two replicates of the genome-wide screen. Only valid data points are included, i.e., siRNAs that cause cell toxicity or severe cell division defects are not included. As in the pilot screen, data points are scattered around the diagonal indicating good reproducibility (correlation coefficient 0.88). Green data points represent 4,556 siRNAs with TGN retrieval ratio SSMD values smaller than (À3), indicating very strong siRNA effects. Positive control cells (SNX1 siRNA) also had a TGN retrieval ratio SSMD % (À3) on the majority of the plates (red data points in Figure 2C ). Further hit selection criteria included HeLa cell gene expression data and exclusion of hits that had been removed from the NCBI database (see Experimental Procedures for full details). This resulted in 1,087 hits from the genome-wide screen ($5% of the siRNAs screened) (Table S2 ).
Validation Screen
We selected 360 genes for further validation in a follow-up siRNA screen. For this, we arrayed ON TARGETplus siRNA pools in the 60 central wells of six 96-well plates ( Figure 2D ). The ON TARGETplus siRNA pools comprise, in many cases, completely distinct sequences from the ones in the siGenome siRNA pools and therefore are an effective means of validating the phenotype identified in the primary screen.
Similarly to the primary screen, we first assayed endosome-toGolgi retrieval in HeLa cells stably expressing CD8-CIMPR and GFP-GOLPH3. The results are listed in Table S3 , whereas Figure 2E shows the TGN retrieval ratios measured for the 360 genes in duplicate. Statistical analysis of the normalized TGN retrieval ratios yielded 44 very strong hits [12% of assayed genes with SSMD % (À3), including clathrin, which is required for the uptake of the CD8-CIMPR reporter]. Because the ON TARGETplus siRNA pools are designed to higher specificity standards than the siGenome siRNA pools (Jackson et al., 2006) , we also included 44 strong hits [À3 < SSMD % (À2)] in our table of hits ( Figure 2F ). Interestingly, PLD3, a gene recently linked to late-onset AD (Cruchaga et al., 2014) , was among the confirmed hits, whereas pathway analysis indicated a significant enrichment in genes linked to PD (SNCA, MAPK11, MAPK12). Further hits included genes with diverse predicted functions (kinases/phosphatases, red border in Figure 2F ) and cellular locations (e.g., cytoskeleton, blue border in Figure 2F ) as well as several membrane proteins (green border in Figure 2F ). Available functional information, cellular location, and aliases of the 88 hit proteins are listed in Table S4 .
Detailed Hit Characterization: SFT2D2, ZDHHC5, and GRINA Closer inspection of the hits ( Figure 2F ) indicated a large number of multipass membrane-spanning proteins, including KCNK3, ZDHHC5, SLC22A10, SFT2D2, and GRINA. Many of these are high-confidence hits, i.e., the primary screen siGenome and validation screen ON TARGETplus siRNA pools for these genes did not share any sequences (Table S4 ). Current protein structure prediction tools suggest that $26% of human genes encode membrane-spanning proteins, with almost half of these being multipass membrane proteins (Fagerberg et al., 2010; Kanapin et al., 2003) . Yet, few multipass membrane-spanning proteins have been shown to affect membrane trafficking, and, to our knowledge, they have not been linked to endosome-to-Golgi retrieval in mammals. Therefore, we selected three multipass membrane-spanning high-confidence hits for further study: SFT2D2, ZDHHC5, and GRINA. SFT2D2 SFT2D2 is partially homologous to the yeast Sft2p protein, a genetic interactor of Sed5p (the yeast syntaxin 5 protein) and affects post-Golgi trafficking (Conchon et al., 1999) . However, the mammalian homologs (SFT2D1, SFT2D2, and SFT2D3) are uncharacterized. Images of anti-CD8 localization obtained in the primary screen show an accumulation of antibody in peripheral puncta in SFT2D2-silenced cells compared to control HeLa cells ( Figure 3A) as well as reduced levels of antibody at the TGN.
To determine where in the endosome-to-Golgi pathway SFT2D2 could be acting, we established a cell line stably expressing Myc-tagged SFT2D2. We find that SFT2D2 localizes to both perinuclear membranes and structures positive for the retromer CSC protein, VPS35. The colocalization of SFT2D2 with VPS35 is especially apparent after treatment with nocodazole to depolymerize microtubules ( Figure 3B ). The reported genetic interaction between yeast Sft2p and Sed5 (Conchon et al., 1999) prompted us to evaluate the localization of SFT2D2 with respect to a number of SNARE proteins that function in postGolgi trafficking. We find that SFT2D2 partially colocalizes with syntaxin 5 but exhibits almost complete colocalization with syntaxin 6 (indicated by arrowheads in the immunofluorescence images shown in Figure 3C ). Quantitation of the colocalization of SFT2D2 with a number of post-Golgi SNARE proteins is shown graphically in Figure 3C (right panel) and confirms that SFT2D2 resides in a compartment strongly positive for syntaxin 6.
Extending the immunofluorescence-based investigation of SNARE protein distribution, when SFT2D2 expression is silenced by RNAi, we observed a marked change in the fluorescence intensity of several SNARE proteins, with syntaxin 6 and VAMP3 exhibiting the strongest change ( Figure 3D ). An example of the altered fluorescence intensity for VAMP3 is shown along with the graph in Figure 3D . Surprisingly, however, changes in the fluorescence intensity are not the result of changes in overall levels of the respective SNARE proteins ( Figure 3E ). ZDHHC5 ZDHHC5 is a palmitoyl-acyl transferase enzyme that has been shown to palmitoylate a number of substrates, including the somatostatin receptor 5 (SSR5), flotillin-2, and GRIP1b (Kokkola et al., 2011; Li et al., 2012; Thomas et al., 2012) . Its KD resulted in decreased amounts of anti-CD8 localization at the TGN and an increase in anti-CD8 positive puncta close to the plasma membrane following our antibody-uptake protocol ( Figure 4A ).
The ZDHHC5 protein, unlike most palmitoyl transferases, has an extensive C-terminal domain with four tyrosine-containing YxxF motifs that indicate ZDHHC5 undergoes clathrin-mediated sorting. Indeed, in cells stably expressing a Myc-tagged ZDHHC5 protein, we find that ZDHHC5 localizes extensively to the plasma membrane but also to intracellular tubular and vesicular structures ( Figure 4B ). As detailed in Figure S1 , we further characterized the tubular structures on which ZDHHC5 is localized and found them to be Rab8a-or Rab11-positive recycling tubules. Figure 4B illustrates the partial colocalization of ZDHHC5 with the retromer CSC protein VPS35, which becomes more prominent after nocodazole treatment.
A reported substrate for ZDHHC5 is the SFT2D2 protein. Therefore, in cells expressing SFT2D2-Myc, ZDHHC5 expression was silenced using RNAi. Treated and control cells were mixed and seeded onto coverslips and then labeled with antibodies against ZDHHC5, Myc, and VPS35. In cells where ZDHHC5 expression was silenced (marked with *), the SFT2D2 staining appeared brighter and more concentrated in the perinuclear region ( Figure 4C ). 
(legend continued on next page)
The retromer and the WASH complexes can mediate endosome-to-plasma membrane recycling in addition to endosome-to-Golgi retrieval (Derivery et al., 2009; Gomez and Billadeau, 2009; Steinberg et al., 2013; Temkin et al., 2011) . Therefore, we examined the effect of ZDHHC5 KD on the localization of a5b1-integrin, a cargo protein of retromer in the endosome-to-plasma membrane pathway (Duleh and Welch, 2012; Zech et al., 2011) . Both plasma membrane localized and intracellular stores of a5-integrin ( Figure 4D ), as well as b1-integrin ( Figure 4E ), are markedly increased in ZDHHC5-silenced cells (marked by an asterisk in Figure 4D ) compared to control cells.
In separate experiments, we assessed and quantified the localization and expression of several post-Golgi SNARE proteins upon ZDHHC5 KD ( Figure S2 ). Although immunofluorescence indicated increased staining of several (STX6, STX7, STX8) but not all (e.g., STX16) SNARE proteins, total cellular SNARE protein levels as assessed by western blotting were unchanged upon ZDHHC5 KD ( Figure S2 ). GRINA GRINA (glutamate receptor, ionotropic, N-methyl D-aspartateassociated protein 1), also known as LFG1 or TMBIM3, is a 42 kDa protein with a conserved BAX inhibitor-1 motif and a reported role in protecting cells from ER stress-induced apoptosis (Rojas-Rivera et al., 2012) . In addition, a C-terminal fragment of the protein protects HeLa cells from Shiga-toxin induced cytotoxicity (Yamaji et al., 2010) . Images from the primary screen indicated that KD of GRINA in HeLa cells expressing CD8-CIMPR and GFP-GOLPH3 leads to a reduction in anti-CD8 antibody that reaches the TGN after a 30 min chase period ( Figure 5A ). In addition, we noted that our chosen TGN marker, GOLPH3, appeared slightly fragmented in the GRINA KD cells. Further characterization of cells in which GRINA expression was suppressed using siRNA showed reduced levels of TGN46 at the TGN (Figure 5C ) and in total cell lysates ( Figure 5D ), whereas GFP-Rab6 levels and appearance were unaltered (Figures 5C and 5D) .
GRINA KD severely altered expression of GLG1, a type-I Golgi membrane protein that traffics from endosomes to the Golgi (Ahn et al., 2005) ( Figure 5B and leftmost western blot in Figure 5D ), but had no effect on cis-Golgi localized GM130 levels ( Figure 5D , rightmost western blot). The effect of the loss of GRINA on other Golgi localized proteins (e.g., a-mannosidase II and STX5) or endo/lysosomal proteins (e.g., EEA1 and LAMP1) is shown in Figure S3 . In some instances, fragmentation of the cis-Golgi was observed in cells in which GRINA was silenced (see Figure 5B) , but no changes were observed in the distribution or intensity of the core retromer protein VPS35 (Figures 5C and S3A) .
Transient transfection of HeLa cells with Myc-tagged GRINA had pronounced effects on both TGN and endosome morphology. In particular, transfected cells showed a shrunken TGN with reduced levels of TGN46, whereas endosomes appeared enlarged (Figures 5E and 5F). Myc-tagged GRINA colocalized with the remaining TGN46 and also extensively with VPS35-positive ( Figure 5F ) and SNX1-positive ( Figure S3D ) endosomes, including endosomes that appeared enlarged. GRINA overexpression severely disrupted CIMPR staining, with CIMPR found in GRINA-positive vesicular structures, some enlarged, scattered throughout the cell ( Figure 5G ).
SFT2D2, ZDHHC5, and GRINA Loss Does Not Disrupt Retromer Complex but Leads to Altered Levels of Endosome-to-Golgi Cargo Proteins
To address how SFT2D2, ZDHHC5, or GRINA might affect endosome-to-Golgi retrieval and CIMR trafficking, we performed a biochemical analysis of how their loss affects the integrity of the retromer complex or its interaction with the WASH complex. Native coimmunoprecipitation experiments determined that KD of SFT2D2, ZDHHC5, or GRINA did not affect the protein interactions between the cargo-selective retromer components VPS26, VPS29, and VPS35, nor the interaction between these core retromer components and WASH complex members (strumpellin, FAM21) or TBC1D5, suggesting that SFT2D2, ZDHHC5, and GRINA do not act directly on the cargo-selective retromer complex or the WASH complex ( Figure S4A ).
We next assessed whether silencing of SFT2D2, ZDHHC5, or GRINA affected levels of retromer cargo proteins. In addition to blotting for various membrane proteins in crude lysates, immobilized wheat germ agglutinin (WGA), a lectin that binds to galactose and sialic acid moieties, was used to enrich for Golgi and post-Golgi localized glycosylated membrane proteins from lysates of control or KD cells where the retromer components VPS26 or SNX1, or SFT2D2, ZDHHC5, or GRINA, were silenced ( Figure 6A ). Silencing of ZDHHC5 or SFT2D2, respectively, resulted in reduced levels of CIMPR or TGN46 bound to the lectin, whereas silencing GRINA reduced lectin-bound levels of GLG1, CIMPR, and TGN46 but also decreased their abundance in the lysates from cycloheximide-treated cells ( Figure 6A ; Figure S4B ). Importantly, levels of the transferrin receptor (TfnR) that cycles from endosomes to the cell surface were not affected in any of the KDs. Interestingly, levels of SFT2D2 were found to be strongly affected by the KD of SNX1, suggesting that its steady-state localization may be regulated by retromer.
Using automated microscopy, we next examined the fluorescence intensity of two endogenous proteins known to traffic from endosomes to the TGN in a retromer-dependent manner: the CIMPR and TGN46 ( Figure 6B ). We find that RNAi-mediated KD of SFT2D2, ZDHHC5, or GRINA all lead to an increase in (C) Cells stably expressing SFT2D2-Myc were costained with antibodies against various post-Golgi SNARE proteins. Colocalization was quantified by Pearson's correlation coefficient (right-hand graph) and indicates very extensive colocalization with STX6, STX7, and VAMP8. The image panels illustrate colocalization of SFT2D2-Myc and STX5 at the Golgi (top, arrowhead) but much more extensive colocalization of SFT2D2-Myc and STX6 (bottom, arrowheads). In (B) and (C), the white dashed box delineates the area magnified in the insets. Figure 6C ) and also, for KD of SFT2D2 and ZDHHC5, increased correlation coefficients for CIMPR and VPS35 ( Figure 6D ). VPS35 endosomes are also significantly brighter in the three types of KD cells compared to control cells ( Figure S4C ). The RNAi-mediated silencing of GRINA appears to result in some loss of Golgi integrity and results in a general reduction in fluorescence intensity for both TGN46 and GLG1 ( Figure 6E ). Collectively, these experiments indicate that SFT2D2 and ZDHHC5 are important for recycling of specific cargo proteins to the Golgi, whereas loss of GRINA may have more wideranging effects on TGN structure and stability of a number of membrane proteins.
DISCUSSION
Endosome-to-Golgi retrieval is an essential pathway in several key physiological processes and is exploited by bacterial and viral pathogens, underscoring the importance of expanding our understanding of the pathway. Here, we have conducted a genome-wide RNAi screen using an antibody-uptake assay and a model cargo reporter to identify $90 proteins that, when silenced, impede the endosome-to-Golgi retrieval. This included a number of kinases, phosphatases, and several multipass membrane spanning proteins that were uncharacterized with respect to endosome-to-Golgi retrieval.
We successfully adapted our antibody-uptake assay for this high-throughput screen. A pilot screen of siRNA mini-libraries that targeted known membrane trafficking genes demonstrated the feasibility of using the CD8 antibody-uptake assay in 96-well plates, identifying known endosome-to-Golgi components such as retromer VPS35 and the GARP complex proteins VPS52 and VPS54 (Pé rez-Victoria et al., 2008) as hits. In addition, the pilot screen identified proteins with a role in endosome-to-Golgi retrieval that can now be further investigated, e.g., PTPN23 (also known as HD-PTP), KIFC1 (also known as HSET), and STX19.
Our genome-wide screen generated $1,100 hits, including known endosome-to-Golgi participants, such as VPS26, SNX6, VPS54, and endocytic proteins such as clathrin. Other known components of the endosome-to-Golgi retrieval pathway fell just below our stringent hit selection cutoff (e.g., VPS29, SNX5, Rab7a, VPS52). Our distribution of hits is similar to other reported screens, e.g., the screen that reported a role for retromer in HPV infectivity (Lipovsky et al., 2013) . The presence of genes known to mediate endocytosis (e.g., clathrin heavy chain) among the hits is a predictable consequence of the use of the antibodyuptake assay. The accumulation of anti-CD8 at the cell surface observed in a clathrin KD (see Figure 1E ) provides a useful benchmark against which to compare the other hits reported in our study, and, among the $90 endosome-to-Golgi genes we report, none produce a phenotype like the clathrin KD.
We validated our hits from the primary screen using ON TARGETplus siRNA pools. Not only are the four siRNA duplexes in these second generation siRNA pools chemically modified to avoid off-target effects, their sequences are also, for a great many genes, entirely different from the ones in our whole-genome library (siGenome siRNA). They are therefore an effective means of validating our primary screen hits.
Among the confirmed high-confidence hits, we noted several kinases, phosphatases, and proteins that have been implicated in PD. As the retromer protein, VPS35, has been revealed to be a PD gene (Vilariñ o-Gü ell et al., 2011; Zimprich et al., 2011) , the identification of other PD genes among the hits is consistent with the important role that endosomal protein sorting plays in the pathology of PD.
There was also an enrichment for multipass membrane spanning proteins, a group often overlooked with respect to membrane trafficking regulation. In fact, very few multipass membrane-spanning proteins have a reported role in membrane trafficking. Examples to date include the function of Atg9 in autophagy (reviewed in Reggiori and Tooze, 2012) and that of CLN3 in anterograde post-Golgi trafficking (Metcalf et al., 2008) . Thus, this screen has revealed a role for this class of proteins in endosome-to-Golgi retrieval.
We chose three multipass membrane spanning proteins for further characterization: SFT2D2, ZDHHC5, and GRINA. Although each of them, when silenced, had a strong effect on endosome-to-Golgi retrieval of CD8-CIMPR and also affected other cargoes of the endosome-to-Golgi pathway such as TGN46 and GLG1, none affected retromer integrity or compromised retromer association with proteins such as the WASH complex or TBC1D5. Additionally, no association between retromer and the SFT2D2, ZDHHC5, or GRINA proteins has been detected thus far (S.Y.B. and M.N.J.S., unpublished data).
SFT2D2 is evolutionarily conserved, and yeast Sft2p, first described as a genetic interactor of Sed5p (the fungal syntaxin 5 protein; Banfield et al., 1995) , has been implicated in postGolgi membrane traffic (Conchon et al., 1999) . We report that SFT2D2 localizes to structures positive for TGN and endosomal markers. ZDHHC5 is a palmitoyl transferase reported to localize to the plasma membrane (Ohno et al., 2006) . The extended cytoplasmic tail of ZDHHC5 contains several YxxF motifs required for clathrin-mediated sorting processes and marks out ZDHHC5 as distinct from most other palmitoyl transferases (Korycka et al., 2012) . We show localization of ZDHHC5-Myc to retromer-positive endosomes and endosomal recycling tubules positive for EHD1, Rab8, and Rab11. EHD1 operates with retromer in endosome-to-Golgi retrieval (Gokool et al., 2007; Zhang et al., 2012) , and both EHD1 and Rab11-mediated endosomal protein recycling have recently been shown to regulate localization and processing of APP consistent with the prominent role that endosomal protein sorting plays in AD  expression also perturbs CIMPR localization. In this example, GRINA-Myc transfection (in the cell marked by an asterisk) caused CIMPR to localize to round vesicular structures positive for GRINA-Myc, some of which appeared larger than regular endosomes, whereas TGN46 staining was almost absent in the transfected cell. Scale bars in (A)-(C), (E), and (G), 20 mm, and in (F), 10 mm. Udayar et al., 2013) . Palmitoylation of the cytoplasmic tail of the CIMPR does facilitate its endosome-to-Golgi retrieval, but this modification is mediated by ZDHHC15, a palmitoyl transferase distinct from ZDHHC5 (McCormick et al., 2008) . Interestingly, SFT2D2 has been identified as a substrate of ZDHHC5 (Li et al., 2012), and we indeed find that ZDHHC5 KD affects the localization of SFT2D2. The KD of either SFT2D2 or ZDHHC5 resulted in changes to the fluorescence intensity of several SNARE proteins. For example, loss of SFT2D2 markedly increased the fluorescence intensity of syntaxin 6 and VAMP3. These two SNAREs have been shown to function together (Riggs et al., 2012) , so it is perhaps not surprising that both are affected by SFT2D2 KD. Although the fluorescence intensity of several SNAREs was affected by SFT2D2 significant increase in SFT2D2, ZDHHC5, or GRINA KD cells. (D) SFT2D2, ZDHHC5, and GRINA KD increase the Pearson's correlation coefficient for colocalization between CIMPR and retromer proteins VPS35 or SNX1 while decreasing the correlation between CIMPR and Golgi matrix protein GM130. In some cases, identical correlation coefficients were measured in the replicate experiments. (E) Quantitation of the TGN46 and GLG1 intensity in the three types of KD cells. In (C)-(E), error bars indicate the SD of the replicate measurements. *p < 0.05; **p < 0.01. or ZDHHC5 KD, western blotting indicated that overall levels of the SNARE proteins were not altered. The increased fluorescence must therefore result from either altered localization of the respective SNARE, so it is more concentrated in a discrete localization, and hence the fluorescence intensity is increased, or from changes in the conformation of the respective SNARE such that the antisera used for the immunofluorescence staining has greater access to its epitope resulting in increased fluorescence intensity. Further work is required to distinguish these two possibilities. GRINA is a member of the LFG (Lifeguard) family of proteins, a family of proteins highly conserved among eukaryotes with a proposed protective role in apoptosis (Hu et al., 2009 ), a function also reported for GRINA (Rojas-Rivera et al., 2012) . We observed that GRINAMyc localizes to the Golgi and to postGolgi membranes, and that its expression has a dominant-negative effect on the appearance of both the Golgi and endosomes. These observations are in line with a report that GRINA induces resistance to Shiga toxin (Yamaji et al., 2010) . In addition, we found that GRINA KD disrupted Golgi localization of several but not all Golgi-localized proteins and reduced the steady-state levels of a number of endosome-to-Golgi cargo proteins including TGN46. Our analyses of the three multipass membrane-spanning proteins, summarized in Figure 7 , confirm their function in endosome-to-Golgi retrieval, and future studies may reveal precisely how these proteins operate in this pathway.
Other genes identified as modulating endosome-to-Golgi and reported herein are good candidates for further studies focused on the pathology of AD and PD. A recent analysis of genes encoding retromer-associated proteins identified single nucleotide polymorphisms and other variants linked with late-onset AD (Vardarajan et al., 2012) . We report here that PLD3, a gene that increases risk of AD (Cruchaga et al., 2014) , is required for endosome-to-Golgi retrieval and therefore establish a role for PLD3 in a pathway that is now viewed as key to events early in the pathology of AD (Small, 2008; Willnow and Andersen, 2013) . Thus, other genes we report merit investigation for linkage to diseases such as AD and PD and are also worth examining for a role in the processes that underlie infection by bacterial and viral pathogens (e.g., Legionella and HPV) that exploit the endosome-to-Golgi pathway for their own ends.
EXPERIMENTAL PROCEDURES Screening
Using a Beckman Biomek robot, cells stably expressing CD8-CIMPR and GFP-GOLPH3 (described in Harbour et al., 2010) were seeded onto 20 ml 180 nM siGenome (for the primary screen) or ON TARGETplus (for the pilot screen and validation screens) siRNA pools in 96-well plates. After 72 hr at 37 C, cells were allowed to bind anti-CD8 antibody at room temperature for 15 min, washed, and then chased for 30 min at 37 C before fixing and immunolabeling. Images were acquired on a Cellomics Arrayscan V automated microscope and analyzed using the Cellomics vHCS:View software and its colocalization bioapplication. Data were exported for further analysis, including plate-wise normalization and SSMD calculation, in SQL and Origin.
Characterization of SFT2D2, ZDHHC5, and GRINA Myc-tagged human SFT2D2, ZDHHC5, and GRINA constructs were purchased from Origene and used for transient transfections in HeLa cells including into cells stably expressing GFP-or mStrawberry-tagged Rab or EHD1 constructs. Immunolabeled cells were imaged on a wide-field fluorescence microscope (Zeiss). siRNA-mediated silencing was performed using ON TARGETplus siRNA pools. Retromer assembly and interactions were investigated by immunoprecipitation using cells stably expressing VPS29-GFP and published protocols (Harbour et al., 2012) . Cargo protein glycosylation changes upon protein silencing were assessed using agarose-bound wheat germ agglutinin (Sigma) precipitation followed by western blotting. Supplemental Experimental Procedures, including screening details, hit selection criteria, and antibodies used are in Supplemental Information. Screening data not available in Tables S1, S2 , S3, and S4, as well as images from any of the reported screens, are available upon request (syab2@cam.ac.uk). Tables   Table S1: TGN retrieval ratios measured in pilot screen of 310 trafficking genes -Related to Figure 2F .
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Plasmids and Plasmid Transfection
The CD8-CIMPR reporter construct was described before and subcloned in pIRESpuro2 (Clontech, Saint-Germain-en-Laye, France). Human GOLPH3 was PCRamplified, cloned into pEGFP-C1 (Clontech) and subcloned in pIRESNeo2 (Clontech).
Single colonies of HeLa cells stably expressing both GFP-GOLPH3 and CD8-CIMPR were selected and screened for expression. A single cell line was used for all studies presented.
Transfection-ready plasmids encoding Myc-and Flag-tagged proteins (SFT2D2, ZDHHC5, GRINA) were from Origene (Rockville, MD, USA) and purchased from Cambridge Bioscience (Cambridge, UK). Plasmids were transfected into HeLa cells using Effectene (Qiagen, Manchester, UK) according to the manufacturer's instructions, or using polyethylenimine (PEI, Polysciences Inc., Warrington, PA, USA) according to . To create a cell line stably expressing SFT2D2-Myc the gene was excised from the pCMV6 vector by digestion with SgfI and FseI and inserted into a similarly digested pIRESneo2 modified by insertion of a SgfI and FseI site between its NheI and BamHI sites. Restriction enzymes were from New England Biolabs (Hitchin, UK) and ligations were done using the Rapid Ligation kit (Roche Diagnostics Ltd, Burgess Hill, UK).
Constructs were verified by agarose gel electrophoresis and immunofluorescence after transient transfection. Stable cell lines were selected using geneticin (Life Technologies Ltd, Paisley, UK).
Cell culture
Mouse hybridoma cells (American Tissue Culture Collection) for the production of monoclonal anti-CD8 antibody were grown in Excell medium (Sigma-Aldrich, Gillingham, UK) supplemented with 10 mM L-glutamine (Sigma-Aldrich).
All other cell lines were maintained in DMEM/high glucose medium containing 5% fetal bovine serum (FBS), 2 mM L-glutamine, 50 units/ml penicillin and 50 g/ml streptomycin (all from Sigma-Aldrich) (complete medium). HeLa cells stably expressing GFP-GOLPH3 and CD8-CIMPR were grown in complete medium that additionally contained 0.4 mg/mL geneticin (Life Technologies Ltd) and 1 g/ml puromycin (Sigma-Aldrich). HeLa cells stably expressing mStrawberry-Rab8a were a gift from Andrew Peden (University of Sheffield, UK) and maintained in complete medium containing 0.4 mg/mL geneticin. HeLa cells stably expressing GFP-EHD1 were described before (Gokool et al., 2007) , as were HeLa cells stably expressing GFP-tagged Rab proteins ) and HeLa cells stably expressing VPS29-GFP (Collins et al., 2005) . To eliminate possible mycoplasma contamination cells were treated with Plasmocin (Invivogen, San Diego, CA, USA) before use in screening. Trafficking of CD8-CIMPR was then assessed using the anti-CD8 antibody uptake assay depicted in Figure 1A . Figure 1B were defined in the Colocalization bio-application and derived from the GFP-GOLPH3 and whole cell stain images, respectively. The TGN retrieval ratio as defined in Figure 1B was directly calculated in the software for each cell and averaged over all cells selected in each well. Average TGN retrieval ratio values were imported into Origin software (OriginLab Corporation, Northampton, MA, USA) for further analysis and graphical presentation.
Mini-library screens
Each mini-library was screened at least 2 times in duplicate. From the replicate measurements 20 genes were selected whose knockdown reproducibly reduced the TGN retrieval ratio to values equal to or lower than the average TGN retrieval ratio measured for the SNX1 siRNA positive control. For these 20 genes the sequences making up the ON TARGETplus TM siRNA pool were ordered as individual ON TARGETplus TM oligos (Dharmacon) and arrayed in columns 3 to 12 of a 96-well plate. Positive (SNX1 siRNA) and negative control wells were arrayed as in Figure 2A . Cells expressing GFP-GOLPH3 and CD8-CIMPR were reverse transfected with siRNA using the same protocol as for the ON TARGETplus TM siRNA pool transfection. The anti-CD8 antibody uptake assay was also as described above and repeated twice in duplicate. Results of all mini-library screens are in Table S1 .
Genome-wide siRNA screen 21,121 siRNA smartpools (siGenome, Dharmacon/Thermo Scientific) were arrayed onto 267
ninety-six-well plates and stored in 10 L 1 M aliquots at -20ºC. On a day of transfection siRNAs were thawed to room temperature and spun at 5,000 x g for 5 minutes. Cells stably expressing GFP-GOLPH3 and CD8-CIMPR were reverse transfected as in the mini-library screens, except that 8,000 cells were seeded per well and all steps involving 96-well plates were carried out using a robotic liquid handling system (BiomekNX, Beckman Coulter, High
Wycombe, UK) enclosed in a in a custom-made enclosure with airflow technology and a UV lamp (BigNeat Containment Technology, Hampshire). Only cells that were passaged less than 10 times were used. Anti-CD8 antibody uptake was also carried out as described for the mini-library screens, using a bench-top semi-automated liquid dispenser system (Matrix Wellmate, Thermo Scientific) to aid in the antibody-uptake steps as well as in the fixing and staining steps.
Primary hit selection
Several acquired data as well as values calculated by the iView software were exported, assembled and linked to the plate layouts in a SQL database before being imported in Origin for statistical analysis and graphical presentation. TGN retrieval ratios were normalized plateby-plate, such that the average TGN retrieval ratio for the negative control wells on each pate equalled the average value measured across the entire screen (0.65). Hit selection was based on calculated SSMD values. SSMD values, defined in (Zhang, 2007) , measure the magnitude of the difference between an siRNA of interest and a negative reference: , where and are the mean, respectively standard deviation, for an siRNA of interest and and the mean, respectively standard deviation for the negative control. We calculated SSMD values for the normalized TGN retrieval ratio as well as for the anti-CD8 intensity in the cytoplasm outside the GOLPH3-defined TGN mask. Primary hits were defined as having absolute values for these 2 SSMD values larger than 3 (i.e. very strong effects vs. the negative control), as well as fulfilling the following additional criteria: i) at least 40 cells
were measured on each plate, with at least one measurement requiring less than 50 fields (i.e.
siRNA is non-toxic and does not target a gene necessary for cell division); ii) the siRNA pool targets a single gene, taking into account re-annotation of the original siGenome pools by M.
Boutros (DKFZ, using RefSeq25); and iii) for targets represented on an analysed microarray only detected ones were retained as hits. These criteria yielded 1106 primary hits, of which 1087 were still retained in the NCBI database.
To select hits for secondary screening an additional SSMD was calculated for the total cellular anti-CD8 signal to exclude siRNAs that cause a secretion defect (and therefore have less CD8-CIMPR at the plasma membrane at any one time) instead of an endosome-to-Golgi trafficking defect. This intensity criterion yielded 389 very strong hits which were visually inspected to assess morphology, anti-CD8 signal intensity distribution, cell polarization and cell size. In addition, manual inspection was also done for primary hits associated with the gene ontology terms intracellular trafficking, cytoskeleton, Golgi or GTPase activity. In this way 360 genes were selected for follow-up using ON TARGETplus TM siRNA SMARTpools. Figure 2D ).
Small scale siRNA knockdown
For silencing of selected genes the cells of choice were seeded into 6-well plates to 30-40% washes with PBS the coverslips were mounted using Prolong Gold (Life Technologies). This permeabilization, blocking and staining protocol was followed for all antibodies except when staining for SNARE proteins, in which case each of these steps were done in PBS buffer containing 0.1% saponin (Sigma-Aldrich) and 5% fetal bovine serum. Immunolabeled cells were imaged at room temperature using a 63x oil immersion 1.4 N.A. objective on a ZeissAxiovert epifluorescence microscope equipped with a Hamamatsu ORCA-R2 CCD camera, using Simple PCI6 acquisition software. Images were processed in Zeiss LSM Browser software, using the range indicator display option to adjust background and displayed intensity range, and applying identical adjustments to all images to be compared.
Some immunofluorescence images were acquired on a Zeiss Axioimager epifluorescence microscope equipped with an ORCA Flash 4 camera, using a 63x 1.4 N.A. oil immersion objective and the Zeiss ZenBlue software.
For the co-localization analysis in Figure S2 images were opened in ImageJ software (National Institutes of Health) and Pearson's correlation coefficients calculated using the Just Another Colocalization Plugin (JACoP). Average intensity measurements were also made in ImageJ after applying a constant intensity threshold to all images to be analysed. For the colocalization and intensity analyses in Figures 3, 6 and S4-C cells were seeded and stained in 24-well plates and images were acquired on the Cellomics Arrayscan automated microscope using the co-localization bio-application. For each experimental condition at least 500 cells were imaged, and, when possible, technical replicates were included. Co-localization and intensity parameters were obtained from analysis in the Cellomics® vHCS TM :View software.
As in the anti-CD8 uptake assay, a whole cell stain was used to define the cellular outline.
Western Blotting
To prepare total cell lysates for Western blotting cells grown to confluency in 6-well plates were washed once with ice-cold PBS and then scraped in 100 L/well 1% TX-100 in PBS.
Alternatively, cell lysates were prepared as part of an immunoprecipitation or lectin pulldown protocol (see below). Lysates were reduced using DTT and denatured in LDS PAGE buffer (Life Technologies) at 85°C for 5 minutes before loading onto 4-12% NuPage Bis-Tris gels (Life Technologies). After electrophoretic separation at 150V for 70 minutes proteins were transferred onto nitrocellulose membranes. After overnight blocking with 5% milk in Trisbuffered saline buffer containing 0.1% Tween (TBST) membranes were probed with primary antibodies at room temperature for 1 1/2 to 2 hours, followed by 3 washes with TBST/milk and incubation for 1 hour with HRP-conjugated secondary antibodies. After extensive washing of excess antibodies the proteins were visualized using luminescence detection reagents (GE Healthcare) and film.
Lectin Pull-Down
HeLa cells were seeded in 100 mm dishes at ~30-40% confluency. The next day cells were transfected with siRNA using Oligofectamine. For each dish 50 L Oligofectamine was diluted with 100 L Optimem and equilibrated for 5 minutes. 10 L 20 M siRNA was diluted in 850 L Optimem before addition of 140 L of the Optimem/Oligofectamine dilution. siRNA: Oligofectamine complexes were allowed to equilibrate for 20 minutes at r.t.
The siRNA: oligofectamine complexes were then diluted by the addition of 4 mL Optimem and added to the cells (after 1 wash of the cells with Optimem). After a 4 hour incubation at 37ºC 5 mL complete medium containing 20% FBS was added to each dish before further incubation at 37°C. Twenty-four hours later cells were trypsinized and seeded into 140 mm dishes. Seventy-two hours after the siRNA transfection the cells were washed once with PBS before incubation with 10 mL 0.1 mg/mL cycloheximide for 3 hours to halt new protein synthesis. Next, cells were washed once with ice-cold PBS and lysed in ice-cold lysis buffer (1% Triton X-100 in PBS containing 1 Complete TM protease inhibitor tablet (Roche) per 50 mL). Insoluble material was removed by centrifugation at 10,000 x g for 5 minutes at 4°C.
Lysates were pre-cleared by rotating for 30 minutes at 4ºC in the presence of 50 L sepharose-bound protein A. After removing the sepharose by centrifugation the lysates were incubated with 40 L of a suspension of wheat germ agglutinin (WGA) conjugated to agarose (Sigma) for 2 hours at 4°C. The WGA-agarose beads were washed 4 x with lysis buffer and stored at -20°C until further processing. For analysis by Western blotting beads were vortexed in 1x LDS PAGE loading buffer before Western blotting as above.
Native Immunoprecipitation
HeLa cells stably expressing VPS29-GFP were seeded in 140 mm dishes and transfected at ~30-40% confluency with siRNA using Oligofectamine as described above for the siRNA transfections in the lectin pulldown experiments but using 2.5 x the amounts of siRNA, Oligofectamine and Optimem. After 24 hours cells were trypsinized and seeded into two 140 mm dishes. Seventy-two hours after siRNA transfection VPS29-GFP complexes were immunoprecipitated using a previously used lysis buffer and protocol, both recently detailed in .
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